Keratinocytes and fibroblasts cells play important roles in the skin-wound healing process and are the cell types activated by trauma. Activated cells participate in epithelialization, granulation, scar tissue formation, wound remodeling, and angiogenesis via a series of cellular activities including migration and proliferation. Previous studies reported that the conditioned medium (CM) of adipose-derived stem cells (ADSCs) stimulated the migration and proliferation of cell types involved in the skin wound healing process; however, these studies only show ADSC-CM effects that were obtained using 2-dimensional (2D) culture. Recently, 3-dimensional (3D) culture has been considered as a more physiologically appropriate system than 2D culture for ADSC cultures; therefore, ADSC-CM was collected from 3D culture (ADSC-CM-3D) and compared with ADSC-CM from 2D culture (ADSC-CM-2D) to investigate the effects on the migration and proliferation of human keratinocytes (HaCaTs) and fibroblasts. The migrations of the HaCaT cells and fibroblasts were significantly higher with ADSC-CM-3D compared with the 2D culture; similarly, the proliferation of HaCaT cells was also highly stimulated by ADSC-CM-3D. Proteomic analyses of the ADSC-CM revealed that collagens and actins were highly expressed in the 3D-culture system. Chitinase 3-like 1 (CHI3L1), tissue inhibitor of metalloproteinases (TIMP), and galectin-1 were specifically expressed only in ADSC-CM-3D. Especially, through antibody neutralization, galectin-1 in ADSC-CM-3D was found to be an important factor for the migration of human keratinocytes. Therefore, these results suggest that ADSC-CM-3D was more effective in the wound healing than ADSC-CM-2D, and galectin-1 in ADSC-CM-3D was could be a promising option for skin-wound healing. Furthermore, the differential expressions of several ADSC-CM proteins between the 2D-and 3D-culture systems may be used as basic information for the development of efficient wound-healing strategies.
Wound healing is a complex physiological process that includes hemostasis, inflammation, proliferation, and remodeling phases. 1 A wide range of cell-signaling events that regulate this highly controlled repair process are required for one or more phases. 2 Approximately 2% of the populations of industrialized countries suffer from nonhealing wounds on an annual basis; 3 therefore, rapid and effective therapies for impaired wound healing need to be developed.
Adipose-derived stem cells (ADSCs) are capable of differentiating into multiple cell lineages including adipocytes, chondrocytes, osteoblasts, muscle cells, endothelial cells, and neurocytes. 4 Since adipose tissues are more readily available than bone-marrow tissues, ADSCs are considered to be an ideal source for tissue engineering, and have significant clinical and research value. [5] [6] [7] Importantly, ADSCs secrete various types of growth factors that can repair and replace defective neighborhood cells. 6, 7 In this context, previous studies confirmed that ADSCconditioned medium (CM) stimulated the migration and proliferation of keratinocytes and fibroblasts; 8, 9 however, these ADSC-CM studies used a two-dimensional (2D)-culture system.
Since cellular behaviors including phenotype, proliferation, migration, and protein expression are influenced by culture environment, a three-dimensional (3D)-culture system can provide a more physiologically suitable condition for cells than a 2D-culture system. The advantages of 3D-culture systems are studied in many fields including stemcell differentiation, 10,11 drug discovery and pharmacological applications, 12 cancer research, 13, 14 gene and protein expression, 15 and cellular physiological mechanisms. 16, 17 Nonetheless, the effects of ADSC-CM from 3D culture (ADSC-CM-3D) on the wound-healing process are yet to be studied; therefore, we hypothesized that ADSC-CM-3D is more effective than ADSC-CM from 2D culture (ADSC-CM-2D) in terms of the wound-healing process.
To verify this hypothesis, the ADSC-CM-2D and the ADSC-CM-3D were evaluated for their effects on the migration and proliferation of human keratinocyte (HaCaT) cells and dermal fibroblasts; furthermore, the protein profiles of each ADSC-CM were compared using 2D gel electrophoresis (2-DE), followed by matrix assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) analyses. Eventually, a protein that plays an important role in skin wound healing was looking at the CM obtained by the 3D culture of the ADSC.
MATERIALS AND METHODS

Isolation and characterization of human adipose-derived stem cells
Human subcutaneous adipose tissues were obtained from 51-year-old male patient undergoing skin-graft surgery. Both verbal and written, informed consent were obtained from all of the patients prior to their enrollment in the study, and all of the procedures were approved by the Institutional Review Board of Hangang Scared Heart Hospital (IRB number 2015-001). The isolation procedures described by Bunnell et al. (2008) were followed. 4 Cells with passage 3-7 were used in the present study. The surface markers of CD14 (Millipore, Billerica, MA), CD19 (Millipore), CD34 (Millipore), CD45 (Millipore), CD73 (Millipore), CD90 (Millipore), CD105 (Millipore), and HLA-DR (Millipore) were analyzed using a fluorescenceactivated cell sorter. Following the differentiation of the ADSCs into various lineages, the chondrogenic lineage was tested by Safranin O (Sigma-Aldrich, St. Louis, MO) and Aggrecan (Sigma-Aldrich) staining; the osteogenic lineage was tested by Alizarin red (Sigma-Aldrich) staining; and the adipogenic lineage was tested by Oil Red O (Sigma-Aldrich) staining.
Cell culture
The HaCaT cells were generously provided by Dr. JH Park (Asan Institute for Life Sciences, Seoul, Korea), and YH Ryu generously provided the human dermal fibroblasts (HDF) isolated from human foreskin (MCTT Bio Inc., Seoul, Korea). Both the HaCaT cells and HDF were cultured in Dulbecco's Modified Eagle Medium (DMEM; Thermo Scientific, Waltham, MA) containing 10% fetal bovine serum (FBS; Thermo Scientific) and 1% penicillin/ streptomycin (Thermo Scientific), at 37 8C in a 5% CO 2 incubator (Sanyo, Osaka, Japan). The 3D culture used Alvetex polystyrene scaffolds (Reinnervate, Durham, United Kingdom), whereby the ADSCs were seeded at 2 3 10 6 in 3D scaffolds and then grown in the same condition.
Preparation of ADSC-CM from 2D and 3D cultures
ADSCs were cultured in DMEM containing 10% FBS until the cells reached 80% confluence (average 2 3 10 6 ). The culture medium was then replaced by serum-free DMEM and the cells were incubated for an additional 48 hour. The CM was collected, centrifuged at 415 g for 5 minutes, and then filtered through a 0.22 lm syringe filter. The CMs were measured for their protein content using BCA protein assay kit (Thermo Fisher Scientific).
Scanning electron microscopy
Scanning electron microscopy (SEM) was performed on the scaffolds with cells to investigate the scaffold and cell morphologies. Samples were fixed with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) (EMS, Hatfield, PA). After rinsing in the same buffer, the samples were post-fixed in 1% aqueous OsO4 for 1 hour, and were subsequently visualized fully hydrated using an Hitachi S-4700 Variable Pressure SEM (Hitachi High-Tech, Chiyoda, Japan) that was operated at a 50 Pa to 60 Pa chamber pressure, a WD of 5 mm to 7 mm, and a 15 kV accelerating voltage. Moisture loss was controlled by decreasing the temperature to 225 8C at 60 Pa V with a Deben Coolstage (Deben UK Ltd, Suffolk, United Kingdom).
Cell-based scratch assay
The cell-based scratch assay has been previously described. 18 In brief, the HaCaT cells or the HDF were cultured up to a 90% to 100% confluence in a 6-well plate for 24 hours. Wound lines created by scratching with a 200 lL micropipette tip on the upside of the cultured cells were washed with PBS after the removal of culture media. The cells were then cultured for 0, 12, and 24 hours with serum-free DMEM (control), serum-free DMEM containing ADSC-CM-2D (300 lg/mL), and serum-free DMEM containing ADSC-CM-3D (300 lg/mL), respectively. The wound area was assessed at four different sites, whereby the gaps in the HaCaT cells were measured for each wound area from the image taken with a microscope (Olympus, Tokyo, Japan) by the image J program (NIH, Bethedsa, MD). The number of migrated cells was counted at four different sites of each wound area, whereby the gaps in the HDF were measured. 19 Four different sites of wound area were measured and averaged from three independent experiments.
Cell-proliferation assay
Cell proliferation was determined using a 3-(4,5-dimethyl-2-thiazyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) reagent (Sigma-Aldrich). Briefly, the cells were placed in 96-well plates and incubated for 12 hours with the serumfree DMEM, ADSC-CM-2D (0.3 lg/lL), or ADSC-CM-3D (0.3 lg/lL) at 37 8C under 5% CO 2 . The MTT reagent was then applied at a final concentration of 0.5 mg/mL for 4 hours, at 37 8C in a 5% CO 2 incubator. The absorbance of the end-product formazan was measured using a VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA) at 570 nm.
Proteome analysis
The 2D gel electrophoresis (2-DE) for both the 300 lg of ADSC-CM-2D and 300 lg of ADSC-CM-3D were carried out in accordance with the description in. 20 Protein spots were excised from the gels with a sterile scalpel, placed into Eppendorf tubes, and digested using trypsin (Promega, Madison, WI). A MALDI-TOF MS was performed using a 4800 MALDI-TOF/TOF Analyzer (Applied Biosystems, Foster, CA) equipped with a 355 nm Nd:YAG laser. The mascot algorithm (Matrixscience, London, United Kingdom) was used to identify any existing peptide sequences in a protein sequence database; the following database search criteria were used: "taxonomy;" "Homo sapiens" (NCBInr database downloaded on Mar. 24, 2013), "fixed modification;" "carboxyamidomethylated (157) at cysteine residues;" "variable modification;" "oxidized (116) at methionine residues;" "maximum allowed missed cleavage, 1;" and "MS tolerance, 100 ppm." Only those peptides that resulted from trypsin digests were considered.
Western blotting
The protein lysates of the cells were extracted by RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris; pH 8.0) containing 1x EDTA-free protease inhibitor (Roche, Mannheim, Germany), 10 mM sodium fluoride and 1 mM sodium orthovanadate. And the samples were incubated at 4 8C for 30 minutes, centrifuged at 10,000 3 g in a prechilled centrifuge at 4 8C for 30 minutes. The supernatant from the cell lysate was collected, and the protein concentration of the supernatant was determined by Pierce BCA protein assay kit (Thermo Scientific). The supernatant was subjected to SDS-PAGE and transferred to a PVDF membrane (Millipore).
The primary antibodies used for western blotting were antiGalectin-1 (Santa Cruz Biotechnology, Dallas, TX) and antiChitinase 3-like 1 (CHI3L1; Santa Cruz Biotechnology). Secondary peroxidase-conjugated goat anti-rabbit IgG were purchased from Santa Cruz Biotechnology.
Antibody neutralization
For neutralization of galectin-1, the antibody concentrations of 0.2, 2, 4, and 20lg /mL were tested in scratch assay, and determined the optimal concentration without cytotoxicity. ADSC-CM-3D incubated with 2lg /mL of galectin-1 antibody (Santa Cruz Biotechnology) at 37 8C for 2 hours. And for neutralization of CHI3L1, 2lg /mL of CHI3L1 antibody (Santa Cruz Biotechnology) was treated in the ADSC-CM-3D, the samples were incubated at 37 8C for 2 hours. And the samples were treated in the 6-well plate for cell-based scratch assay.
Statistical analysis
Statistical analyses were performed using Student's t-test and a one-way analysis of variance (ANOVA) procedure of the SPSS Statistics 20.0 software (SPSS Inc., Chicago, IL). The values represent the mean 6 the standard deviation (SD). p-values < 0.05 were considered statistically significant.
RESULTS
Characteristics and 3D culture of isolated human ADSCs
After being grown to passage 3, the ADSCs exhibited an elongated fibroblast-like morphology. To determine the multipotency of the ADSCs, the cells were cultured in chondrogenic, osteogenic, or adipogenic differentiation media, followed by confirming with Safranin O staining ( Figure 1A ), Alizarin red staining ( Figure 1B) , and OilRed O staining ( Figure 1C ), respectively. Cell-surface marker analyses by flow cytometry revealed that CD73 (99.91%), CD90 (85.03%), and CD105 (92.52%) were positive, and that CD14 (0.18%), CD19 (0.26%), CD34 (0.26%), CD45 (0.29%), and HLA-DR (5.31%) were negative ( Figure 1D ). The ADSCs were cultured using polystyrene 3D-culture devices and Figure 1E and F show that the ADSCs were located on the inside of the 3D-membrane scaffold. The structural characteristics of the 3D-cultured ADSCs were observed using SEM, revealing a spherical shape and capillary-like network ( Figure 1G ).
Effects of ADSC-CM-3D on proliferation and migration of keratinocytes and fibroblasts
To investigate whether the ADSC-CM-3D impacted the proliferation and migration of the HaCaTs and HDFs, an MTT assay and scratch assay, respectively, were performed. Figure 2A shows that the ADSC-CM-3D exhibited significantly higher effects on the proliferation of the HaCaTs than both the ADSC-CM-2D (p < 0.05) and the control (p < 0.01); however, its effects on HDF proliferation were not different from ADSC-CM-2D ( Figure 2B ). The scratch assay revealed that both ADSC-CM-2D and ADSC-CM-3D reduced the gap, and ADSC-CM-3D was more effective on HaCaT migration than ADSC-CM-2D at the 24 hours (p < 0.05) ( Figure  2C ). Compared to the HaCaT cells, HDF showed a more active migrating property ( Figure 2D ). All of the treatment groups stimulated HDF migration, but ADSC-CM-3D was more powerful than ADSC-CM-2D at the 24 hours stage (p < 0.01).
Proteomic analysis of ADSC-CM-3D and ADSC-CM-2D
To analyze the protein components of ADSC-CM, we performed 2-DE and MALDI-TOF. According to 2-DE, ADSC-CM-2D and ADSC-CM-3D detected 168 and 262 spots, respectively ( Figure 3) ; among these, ADSC-CM-3D contained 16 spots with more than a 2-fold higher expression and 34 spots with less than a twofold lower expression compared with ADSC-CM-2D, and it showed 160 novel protein spots. With the exception of the near-70 kDa spots, some of these protein spots were analyzed using MALDI-TOF for protein mass fingerprinting (Table 1) . Actin family and collagen components were more abundant in ADSC-CM-3D than ADSC-CM-2D, whereas calreticulin, procarboxypeptidase A4, osteonectin, and plasminogen activator inhibitor-1 (PAI-1) were expressed to a lesser extent. Also, Table 1 shows proteins that were specifically expressed only in ADSC-CM-3D, including enolase 1, CHI3L1, tissue inhibitor of metalloproteinases (TIMP), galectin-1, and keratin. Effects of galectin-1 in 3D cultured ADSC-CM on scratch assay of keratinocytes
To investigate the effects of the galectin-1 and the CHI3L1 that were specifically expressed in ADSC-CM-3D, galectin-1 and CHI3L1 expressions were confirmed in the ADSCs according to the culture conditions by western blotting ( Figure 4A ), and effects of ADSC-CM-3D that suppressed galectin-1 (ADSC-CM-3D w/o gal-1) or CHI3L1 (ADSC-CM-3D w/o CHI3L1) by specific antibody neutralization, were confirmed by scratch assay of HaCaTs ( Figure 4B ). Similar to the 2-DE results, galectin-1 and CHI3L1 were only expressed in the 3D cultured ADSC ( Figure 4A ). Although differences in the migration of HaCaTs were not detected between ADSC-CM-3D and ADSC-CM-3D w/o CHI3L1, ADSC-CM-3D w/o gal-1 were significantly lower effective than ADSC-CM-3D on HaCaTs migration ( Figure 4B , p < 0.01). In addition, the result of the ADSC-CM-3D w/o gal-1 was able to confirm that not due to cytotoxicity of antibody through the result of the ADSC-CM-3D w/o CHI3L1.
DISCUSSION
Epithelial keratinocytes and dermal fibroblasts play significant roles in the skin-wound healing process. Previous studies reported that ADSCs promote wound healing through a paracrine mechanism. 21 The effects of ADSC-CM on cell proliferation and migration have been extensively studied; 8, 9 however, these studies used ADSC-CM-2D. In recent years, a number of documents have focused on 3D-culture systems rather than 2D-culture systems, because 3D culture provides a more physiologically suitable condition for cells. 22 Cell behaviors including phenotype, proliferation, migration, and protein expression can therefore be more effectively regulated by 3D culture, indicating its importance in cell-behavior research. Nonetheless, the effects of CM from the 3D culture of stem cells, such as ADSC, have not drawn attention; therefore, we hypothesized that ADSC-CM-3D is more effective than ADSC-CM-2D in the wound-healing process.
In a 3D culture using a polystyrene-based scaffold, the ADSCs were spherical in shape and showed a capillarylike network ( Figure 1G ). In addition, the expressions of the growth factors and cytokines involved in wound healing, including basic fibroblast growth factor (bFGF) and interleukine-6 (IL-6), were higher in the 3D culture system than in the 2D culture system ( Figure 5 ). These results are consistent with those from previous reports, which indicated that culture condition influences the cell phenotype and protein expression, 15, 16 and it was confirmed that 3D culture provided a more physiological environment for the ADSCs. Furthermore, bFGF has been reported to affect the proliferation 23 and migration, 24 although IL-6 is not directly related to cell proliferation or migration, ArranzValsero et al. (2014) reported that IL-6 increased the wound healing rate. 25 In this study, although a significant difference was not detected in the proliferation of HDFs, ADSC-CM-3D was more effective in the proliferation and migration HaCaTs and HDF than ADSC-CM-2D (Figure 2 ), suggesting that CM from the two culture systems have different protein profiles. This finding led to further analyses of ADSC-CM in relation to the two systems using 2D electrophoresis and MALDI-TOF ( Figure 3 , Table 1 ). ADSC-CM-3D contained higher amounts of actin, beta-actin, and collagen I and III than ADSC-CM-2D. The collagen family provides cells with environments that mimic the extracellular matrix (ECM) of human skin; ECM has been regarded as very important for cellular adhesion, proliferation, and migration. The cytoskeleton has multiple functions for cellular activities including cell migration by microfilaments composed of actins, 26 and Ridley et al. (2003) reported on the critical role of actin polymerization in cell migration. 27 It is therefore believed that these proteins affect the proliferation and migration of keratinocytes and fibroblasts. Galectin-1, CHI3L1, and TIMP-1 are exclusively expressed in ADSC-CM-3D. Galectin-1 regulates a wide range of biological functions, such as cell growth, cell adhesion, metastasis, angiogenesis, neuron development, cardiovascular disease, and immunomodulation. [28] [29] [30] Recently, Lin et al. (2014) reported that galectin-1 induced myofibroblast activation, migration, and proliferation by triggering the production of intracellular reactive oxygen species, eventually accelerating wound healing. 31 In this study, galectin-1 that expressed in the ADSC-CM-3D ( Figures 4A and 6 ) stimulated the migration of HaCaTs, which was consistent with the previous reports by Lin et al. (2014) (Figure 4B ). CHI3L1, which is also called "YKL-40" in humans, is the prototypic chitinase, 32 exhibiting impressive proinflammatory and antiapoptotic effects 33, 34 and fibroblast proliferation. 35 Recently, CHI3L1 played a protective role regarding injury by ameliorating inflammation and cell death, and a profibrotic role in the repair phase by augmenting alternative macrophage activation, fibroblast proliferation, and matrix deposition; additionally, CHI3L1 was abundantly expressed in the 3D-culture system of a human fibroblast cell line. 36 Similarly, in this study, CHI3L1 was expressed in the 3D-culture system of human ADSC ( Figure 4A ). However, there was no difference between ADSC-CM-3D and ADSC-CM-3D w/o CHI3L1 ( Figure 4B ). This result indicated that CHI3L1 does not affect the HaCaTs migration or the antibody neutralization does not inhibit the activity of the CHI3L1. TIMP-1 that expressed in the ADSC-CM-3D is an endogenous inhibitor for matrix metalloproteinases that regulates the remodeling and turnover of the ECM during normal development and pathological conditions. Song et al. (2015) reported that TIMP-1 treatment accelerated the proliferation and migration of liver fibroblasts. 37 These reports indicate that galectin-1, CH3L1, and TIMP-1 are important roles in the woundhealing process. Considering the sum of the data in this paper, ADSC-CM-3D is presented as a better system for the migration and proliferation of cell types in human skin compared with ADSC-CM-2D; furthermore, galectin-1, ADSC-CM-3D-specific proteins, may be promising options for therapeutic wound-healing remedies. 
